SD. TNF receptor signaling inhibits cardiomyogenic differentiation of cardiac stem cells and promotes a neuroadrenergic-like fate. Despite expansion of resident cardiac stem cells (CSCs; c-kit ϩ Lin Ϫ ) after myocardial infarction, endogenous repair processes are insufficient to prevent adverse cardiac remodeling and heart failure (HF). This suggests that the microenvironment in post-ischemic and failing hearts compromises CSC regenerative potential. Inflammatory cytokines, such as tumor necrosis factor-␣ (TNF), are increased after infarction and in HF; whether they modulate CSC function is unknown. As the effects of TNF are specific to its two receptors (TNFRs), we tested the hypothesis that TNF differentially modulates CSC function in a TNFR-specific manner. CSCs were isolated from wild-type (WT), TNFR1Ϫ/Ϫ, and TNFR2Ϫ/Ϫ adult mouse hearts, expanded and evaluated for cell competence and differentiation in vitro in the absence and presence of TNF. Our results indicate that TNF signaling in murine CSCs is constitutively related primarily to TNFR1, with TNFR2 inducible after stress. TNFR1 signaling modestly diminished CSC proliferation, but, along with TNFR2, augmented CSC resistance to oxidant stress. Deficiency of either TNFR1 or TNFR2 did not impact CSC telomerase activity. Importantly, TNF, primarily via TNFR1, inhibited cardiomyogenic commitment during CSC differentiation, and instead promoted smooth muscle and endothelial fates. Moreover, TNF, via both TNFR1 and TNFR2, channeled an alternate CSC neuroadrenergic-like fate (capable of catecholamine synthesis) during differentiation. Our results suggest that elevated TNF in the heart restrains cardiomyocyte differentiation of resident CSCs and may enhance adrenergic activation, both effects that would reduce the effectiveness of endogenous cardiac repair and the response to exogenous stem cell therapy, while promoting adverse cardiac remodeling.
RECENT EVIDENCE suggests that the mammalian heart can undergo cardiomyocyte renewal from resident cardiac stem cells (CSCs) and/or proliferating cardiomyocytes (42) . Although reports are variable, endogenous cardiomyocyte renewal rates are considered to be limited (ϳ1% per year) (7, 38, 42) . Additionally, while renewal rates increase after cardiac stress (6, 22, 38) , this increase is insufficient to repair the heart after myocardial infarction (MI) or injury (42) . Prior studies have identified in the adult heart a population of cells, termed cardiac stem cells (CSCs), which express the stem cell marker c-kit without expressing markers of hematopoietic lineage (i.e., c-kit ϩ Lin Ϫ CSCs) and that exhibit evidence of cardiomyogenic specification in vitro (5, 39) . Autologous transplantation of expanded c-kit ϩ CSCs improves cardiac function and remodeling in rodent models of both acute injury and chronic heart failure (HF) (3, 5, 10, 15, 21, 41) . Nonetheless, the mechanisms underlying the salutary effects of cell transplantation on cardiac function in ischemic HF remain unclear. Although it has been assumed that adoptively transferred CSCs transdifferentiate into cardiac cells, several animal studies have demonstrated low rates of transplanted CSC persistence, engraftment, and cardiomyocyte differentiation (21, 24, 28, 37, 41) . Moreover, chronically failing human hearts exhibit a nearly fourfold increase in c-kit ϩ CSC abundance compared with nonfailing hearts (26) ; despite this, the failing heart does not regenerate structure or function. This suggests that factors in the cardiac microenvironment may compromise CSC differentiation and regenerative potential in HF. Identifying such mediators would be of critical importance to enhancing both endogenous healing and the therapeutic response to exogenous cell therapy in ischemic cardiomyopathy.
Given that pathological inflammation is a hallmark of HF (29) , we postulated that inflammatory cytokines may inhibit CSC differentiation and function in the failing heart. Tumor necrosis factor-␣ (TNF) in particular serves as a foundation cytokine that regulates the expression of other proinflammatory mediators such as interleukin (IL)-1␤ and IL-6 via nuclear factor (NF)-B (1) . The effects of TNF on pathological remodeling and proinflammatory responses in HF are complex and receptor (R)-specific: TNFR1 exacerbates, whereas TNFR2 alleviates, these events (17, 19, 32) . However, whether and how TNF modulates CSC function and differentiation, and whether dichotomous TNFR-specific effects also extend to CSCs, is unknown. Here, we tested the hypothesis that TNF differentially modulates in vitro CSC function and differentiation in a TNFR-specific manner.
METHODS

CSC Isolation and Characterization
All use of animals was approved by the Institutional Animal Care and Use Committee of the University of Alabama at Birmingham and/or the University of Louisville, and were compliant with the NIH Guide for the Care and Use of Laboratory Animals (DHHS publication No. 85-23, revised 1996) . The following mouse strains (from Jackson Laboratories) were used: C57BL/6 wild-type (WT, no. 000664), green fluorescent protein (GFP) transgenic (Tg) mice (GFP expressed under direction of the human ubiquitin C promoter, no. 007076), TNFR1Ϫ/Ϫ mice (no. 002818), and TNFR2Ϫ/Ϫ mice (no. 002620). CSCs were isolated from adult male mouse hearts using primary explant cell outgrowth cultures magnetically sorted for c-kit ϩ Lin Ϫ cells as described previously (27, 45) . In brief, heart cell outgrowths were initially expanded in Ham's F12 Kaighn's modification culture medium (Fisher-HyClone) supplemented with 0.2 mM L-glutathione, 5 mU/ml erythropoietin, 10 ng/ml leukemia inhibitory factor (LIF), 10 ng/ml basic fibroblast growth factor (bFGF), 5% horse serum, 10% fetal bovine serum, and 1% penicillin-streptomycin. Lineage positive cells were depleted from the cultures using magnetic microbeads (Miltenyi Biotec) conjugated to a panel of antibodies against hematopoietic lineage markers (Lin: CD5, CD45R, Cd11b, Gr-1, 7-4, TER-119). The remaining Lin Ϫ cells were then expanded and further magnetically sorted using a specific anti-c-kit antibody (Santa Cruz) and consequently enriched for c-kit ϩ cells. The enriched CSCs were seeded in the above culture medium and were used at cell passages Ͻ10 for all the experiments outlined.
Flow Cytometry
For flow cytometric analyses, CSCs were incubated for 1 h on ice and stained with a cocktail of fluorophore-labeled specific antibodies against the lineage markers above (biotin-conjugated monoclonal antibodies with Cy5 labeled streptavidin secondary antibody, Miltenyi Biotec), c-kit (SouthernBiotech), Sca-1 and CD34 (eBioscience), DDR2 (fibroblast marker, Santa Cruz), and CD31 (BD Biosciences). Data were acquired on an LSRII flow cytometer (BD Biosciences) and analyzed using FlowJo software.
Immunoblotting and Electrophoretic Mobility Shift Assay (EMSA)
Isolation of total, cytosolic, and nuclear proteins, SDS-PAGE and immunoblotting were performed using standard protocols as previously described (19, 20) . Primary antibodies for immunoblotting were against p38 mitogen-activated protein kinase (MAPK) and c-Jun NH 2-terminal kinase (JNK) (Cell Signaling); and NF-B p65/p50, inhibitor of B␣ (IB␣), ␣-tubulin, TNFR1, TNFR2, GFP, glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and Lamin A (Santa Cruz Biotechnology). NF-B DNA binding activity and subunit composition were analyzed by EMSA and supershift analysis as described previously (19, 20) .
CSC Proliferation
CSC proliferation was evaluated by a colorimetric dehydrogenase enzyme-based MTS assay (CellTiter 96 Aqueous , Promega). WT, TNFR1Ϫ/Ϫ, and TNFR2Ϫ/Ϫ CSCs were cultured in 96-well plates in culture medium devoid of growth factors but containing 10% FBS and antibiotics. For both assays, CSCs were seeded in a twofold serial dilution starting from 4,000 cells per well in triplicate. Following 48 h of culture, CSCs were incubated for 3 h with the MTS reagent. The number of viable cells in culture was determined by absorbance of the generated formazan product at 490 nm, measured using a microplate reader (BioTek Epoch). Five independent experiments were performed, each in triplicate.
Oxidative Stress-Induced CSC Cytotoxicity
Hydrogen peroxide (H 2O2)-induced CSC cytotoxicity was indexed by lactate dehydrogenase (LDH) activity in the culture supernatant using the colorimetric LDH cytotoxicity assay kit (Cayman Chemical). WT, TNFR1Ϫ/Ϫ, and TNFR2Ϫ/Ϫ CSCs were seeded in a 24-well plate (9,600 cells/well) in CSC culture medium. After 48 h of culture, the medium was replaced with serum-free F12 medium, and the cells were further incubated for ϳ20 h prior to treatment with 500 M H 2O2 for 3 or 6 h. The culture supernatants were then collected and analyzed for LDH activity following the manufacturer's instructions. Briefly, culture supernatant (100 l; in triplicate) was added to each well of a 96-well ELISA plate and allowed to react with 100 l of LDH substrate containing solution provided in the assay kit. Following incubation, absorbance was read at 490 nm, with the intensity of color being directly proportional to the amount of LDH in the supernatant. To determine LDH activity (U), the recorded absorbance from H 2O2-treated CSCs was extrapolated from a standard curve generated using known LDH standards.
CSC Telomerase Activity
To assess propensity for cell senescence, CSC telomerase activity was quantified using an RT-PCR based in vitro assay (TRAPeze RT Telomerase Detection Kit, EMD Millipore). CSC cell pellets (1 ϫ 10 6 cells) were lysed in CHAPS buffer. Following protein quantification in the cleared CSC lysates, 1 g of total lysate in 2 l of CHAPS buffer was assayed for telomerase activity as per the manufacturer's instructions. In the first step of the reaction, telomerase in the lysate adds several telomeric repeats (GGTTAG) onto the 3= end of a synthetic substrate oligonucleotide (TS) provided in the kit. In the second step, the extended products so generated are amplified using Titanium Taq-Polymerase (BD Clontech) and the supplied fluorescein-labeled Amplifluor primers using RT-PCR. The fluorescence is directly proportional to the amount of telomeric repeat added-TS products generated. The quantity of extended telomerase substrate was obtained by converting the RT-PCR C T values from a standard curve generated using known attomole quantities of the TSR8 control template. Results are expressed as percent telomerase activity compared with WT CSCs.
CSC Differentiation
CSCs (passages 4 -9) were differentiated in vitro using the 28-day azacytidine-transforming growth factor (TGF)-␤-ascorbic acid cardiomyocyte differentiation protocol of Smits et al. (40) , with some modifications. Using this protocol, CSCs were differentiated in the absence or presence of TNF (20 ng/ml) in basal CSC culture media (containing only 10% FBS and antibiotics, but devoid of growth factors). Following the initial azacytidine treatment, TNF in the culture media was replenished during media changes (every 3-4 days) until the end of the experiment. For differentiation controls, CSCs were cultured in complete CSC culture media until nearly confluent (Ͼ90%). CSCs were cultured for 28 days, at which time supernatants were collected and stored at Ϫ80°C for determination of catecholamine levels. The cells were used for RNA isolation to evaluate lineage-specific gene expression using real-time (RT) PCR.
RT-PCR Analysis
Quantitative RT-PCR to evaluate mRNA expression was performed as described previously (19, 20, 23, 43) . Briefly, TRIzol (Life Technologies) extracted total RNA was quantified using a NanoDrop 1000 spectrophotometer (Thermo Scientific). Total RNA (500 ng) was subjected to cDNA synthesis using the High Efficiency cDNA Synthesis Kit (Invitrogen). The levels of various mRNA transcripts were determined using Fast SYBR Green (Life Technologies) and gene-specific forward and reverse primer sets (Table 1 ) on a ViiA 7 RT-PCR instrument (Life Technologies). GAPDH or ␤-actin expression was used to normalize mRNA expression levels using the ⌬⌬C T comparative method.
Catecholamine Assay
Levels of epinephrine and norepinephrine secreted by CSCs during in vitro differentiation were quantified using a competitive ELISAbased catecholamine assay (Rocky Mountain Diagnostics) as per the manufacturer's instructions. Briefly, epinephrine and norepinephrine in culture supernatants were extracted using affinity gel, followed by their acylation and enzymatic conversion. These derivatives were then added to a microtiter plate containing a bound antigen, which then competes for binding to specific peroxidase labeled antisera. After removal of free antigen and antigen-antiserum complexes by washing, bound antibody was detected upon addition of TMB substrate and monitoring the reaction at 450 nm. Quantitative catecholamine concentrations were obtained by interpolating the absorbance with a reference curve generated using known standard concentrations.
Immunostaining and Confocal Microscopy
Following differentiation, CSCs were fixed with freshly prepared 2% paraformaldehyde for 30 min at room temperature (RT) and then treated with 0.01% saponin for 10 min to permeabilize the cells. Following several PBS (containing calcium and magnesium) washes, cells were blocked using blocking buffer (PBS containing 0.01% saponin and 1% BSA) for 10 min at RT. Fixed and permeabilized cells were incubated with primary antibodies from Santa Cruz Biotech against ␣-sarcomeric actin (1:200 dilution), GFP (1:500 dilution), and tyrosine hydroxylase (1:200 dilution) in blocking buffer for 1 h at RT. After several washes with cold PBS, the cells were incubated with the appropriate fluorescentlabeled secondary antibodies (1:1,000 dilution; Molecular Probes) for 30 min in the dark at RT. Cells were washed again followed by addition of DAPI (300 nM; Invitrogen) to counterstain nuclei. The stained cells were analyzed with a Nikon-A1 confocal microscope and the images were acquired using a 60ϫ objective.
Statistical Analysis
Data are shown as means Ϯ SE. Statistical differences between experimental groups were analyzed using the Student's t-test or ANOVA (one-or two-way), as appropriate. A P value Ͻ 0.05 was considered statistically significant.
RESULTS
Characterization of Adult Murine CSCs
CSCs were isolated from adult mouse hearts by explant culture. Flow cytometric analysis of initial unsorted cells emigrating from the explants revealed ϳ11-12% c-kit expressing CSCs within this heterogeneous cell population (Fig. 1A) .
c-kit ϩ Lin Ϫ CSCs were enriched from these initial cultures using magnetic immunobeads. Following enrichment, CSC surface marker expression was evaluated by flow cytometry during subsequent expansion and passage (P4 -P9). Figure 1B depicts representative epifluorescence images of expanded GFP Tg CSCs in culture showing typical stellate and spindleshaped cell morphology. Flow cytometry revealed that passaged WT CSCs reliably expressed Sca-1 (ϳ70 -80%), but were Lin Ϫ and also negative for the fibroblast marker DDR2 and the endothelial cell marker CD31 (Fig. 1C ). Interestingly, as reported previously (45), cultured WT, TNFR1Ϫ/Ϫ, and TNFR2Ϫ/Ϫ murine CSCs did not retain c-kit expression upon passage, as assessed by flow cytometry (Fig. 1D ), as well as by immunoblotting and RT-PCR (data not shown), but did maintain Sca-1 expression. This loss of c-kit expression stands in contrast to CSCs derived from other species (e.g., rats, humans) that stably retain c-kit expression in culture (4, 5) .
CSC TNF Signaling Is Functionally Intact and Primarily Linked to TNFR1 at Baseline
Total cell lysates were harvested from GFP Tg CSCs and analyzed by immunoblotting for TNFR protein expression. As shown in Fig. 2A , naive murine CSCs constitutively expressed TNFR1 whereas TNFR2 expression was low compared with its expression in mouse left ventricle (positive control). Although nearly undetectable at baseline, TNFR2 expression in CSCs was to some degree inducible. When subjected to 24 h of mechanical stretch (sine-wave pattern at 60 cycles/min) in vitro using a Flexercell compression system (Flexcell International), CSCs reproducibly aligned in parallel along the planes of applied stretch [similar to H9c2 cardiomyocytes, but in contrast to human embryonic kidney HEK-293 cells that did not align with stretch ( Fig. 2B) ]. In conjunction with cell alignment, mechanical stretch augmented TNFR2 expression in CSCs, as evaluated by both RT-PCR and immunoblotting compared with unstretched control CSCs.
We next evaluated whether CSCs have a functional TNFR signaling axis. WT, TNFR1Ϫ/Ϫ, and TNFR2Ϫ/Ϫ CSCs were serum-starved overnight and then treated with TNF [20 ng/ml, a concentration we have previously shown (19) to robustly activate TNF signaling in cardiomyocytes] for the times indicated in Fig. 2 . Following TNF stimulation, total CSC protein lysates were analyzed for activation of p38 MAPK, JNK, and NF-B, the main downstream signaling effectors of TNF. Soluble TNF induced a time-dependent and circumscribed activation of both p38 and JNK in WT and TNFR2Ϫ/Ϫ CSCs (Fig. 2 , C-E). NF-B activity was evaluated indirectly by immunoblotting for IB␣, and directly via assessment of nuclear translocation of p65 and p50 subunits by immunoblotting and EMSA. As shown in Fig. 2C , IB␣ was significantly degraded (indicative of NF-B activation) as early as 10 min following TNF stimulation in WT and TNFR2Ϫ/Ϫ CSCs, whereas its expression was unchanged in TNFR1Ϫ/Ϫ CSCs. Moreover, TNF induced nuclear translocation of the NF-kB p65 subunit in WT and TNFR2Ϫ/Ϫ CSCs, but not in TNFR1Ϫ/Ϫ CSCs (in contrast, the p50 subunit was not impacted in any group; Fig. 2D ). EMSA and supershift analysis confirmed that TNF-induced NF-B activity in CSCs comprised primarily the p65 subunit ( Fig. 2E ). Taken together, these data establish that TNF signaling is intact in CSCs and primarily related to TNFR1, which is constitutively expressed. In contrast, TNFR2 expression is modest and induced only upon stress. Hence, the impact of TNF on CSC function, at least under unstressed conditions, would relate predominantly to TNFR1.
TNFR1 Modestly Diminishes CSC Proliferation and Does Not Impact Replicative Senescence
WT, TNFR1Ϫ/Ϫ, and TNFR2Ϫ/Ϫ CSCs were plated in a 96-well tissue culture plate at various cell densities (250 -4,000 cells/well) and cultured for 48 h in CSC culture medium devoid of growth factors. CSCs were then exposed to MTS reagent for an additional 3 h to allow for incorporation of the reagent in viable proliferating cells. As shown in Fig. 3A , the proliferation assay indicated a cell density-dependent increase in cell proliferation in WT, TNFR1Ϫ/Ϫ, and TNFR2Ϫ/Ϫ CSCs. However, TNFR1Ϫ/Ϫ CSCs exhibited a small but significant increase in proliferation compared with both WT and TNFR2Ϫ/Ϫ CSCs at intermediate cell densities (1 and 2 ϫ 10 3 cells/well), suggesting that TNFR1 signaling restrains CSC proliferation.
An important functional attribute of stem cells that frequently divide is reduced replicative senescence and resistance to telomere shortening, as reflected by increased telomerase activity. WT, TNFR1Ϫ/Ϫ, and TNFR2Ϫ/Ϫ CSCs were evaluated for telomerase activity using an RT-PCR-based telomerase assay. CSC-telomerase activity was calculated by extrapolating the real-time PCR cycle threshold (cT) values on a standard curve generated using a control template (TSR8) with known concentration. As shown in Fig. 3B , all three CSC types exhibited similar telomerase activities, with a nonsignificant trend toward reduced telomerase activity in TNFR2Ϫ/Ϫ CSCs compared with WT and TNFR1Ϫ/Ϫ CSCs. Hence, deficiency of either TNFR did not impact CSC propensity toward senescence.
TNFR1, and to a Lesser Extent TNFR2, Augments CSC Resistance to Oxidant Stress
In vitro CSC resistance to H 2 O 2 -induced cytotoxicity was indexed by LDH release into the culture medium. Oxidative stress-mediated cell death was measured after 3 and 6 h of H 2 O 2 exposure (500 mol/l) following 48 h of CSC culture. As shown in Fig. 3 , C and D, H 2 O 2 induced significant CSC cell death and LDH release into conditioned media compared with untreated controls at 3 and 6 h. TNFR1Ϫ/Ϫ CSCs exhibited greater LDH release compared with both WT and TNFR2Ϫ/Ϫ CSCs at both 3 and 6 h, and TNFR2Ϫ/Ϫ CSCs exhibited greater LDH release over WT at 6 h. Hence, both TNFR1 and TNFR2 signaling confer CSC resistance to oxidant stressinduced cytotoxicity, with more pronounced effects related to TNFR1. These results have important implications for CSC survival in the harsh and pro-oxidative microenvironments that occur in the post-infarct and failing heart. (Ͼ80%). To evaluate the effects of TNF, CSCs (WT, TNFR1Ϫ/Ϫ, and TNFR2Ϫ/Ϫ) were differentiated in the absence or presence of TNF (20 ng/ml) for the entire 28-day differentiation protocol. Cell morphology and gene expression programs were subsequently evaluated. Cell morphology. CSCs underwent significant morphological changes during the course of differentiation. Figure 4A depicts representative epifluorescence images of WT (GFP Tg) CSCs at days 0, 3, 18, and 28 with and without TNF treatment. During differentiation, WT CSCs progressively acquired a broad-based and flattened morphology, with many cells exhibiting striations and binucleation by the end of the differentiation protocol, which somewhat resembled neonatal cardiomyocytes (indicated by arrows). Figure 4B depicts coimmunostaining for GFP and cardiac sarcomeric actin in differentiated WT CSCs, further illustrating the striated sarcomeric pattern in these cells. In contrast, WT CSCs differentiated in the presence of exogenous TNF displayed a predominance of elongated and/or contracted morphology, with multiple cells harboring dendritic type projections emanating from centrally located, highly fluorescent cell bodies (broken arrows in Fig. 4A ), reminiscent of a neuronal-like cell shape. Phase-contrast images of TNFR1Ϫ/Ϫ and TNFR2Ϫ/Ϫ CSCs (nonfluorescent cells) are shown in Fig. 4C . Both TNFR1Ϫ/Ϫ and TNFR2Ϫ/Ϫ CSCs exhibited flattened cell morphology at 28 days regardless of concomitant TNF exposure, suggesting that signaling via both receptors is necessary for the development of neuronallike morphology.
Cardiomyogenic gene expression. Total RNA isolated from differentiated CSCs and control undifferentiated CSCs was analyzed for expression of the cardiomyocyte genes myocyte enhancer factor 2c (Mef2c), Nkx2.5, and ␤-myosin heavy chain (␤-MHC). WT CSCs differentiated either in the absence or presence of exogenous TNF exhibited significantly augmented cardiomyocyte gene expression, consistent with cardiomyogenic fate specification (Fig. 5A ). Differentiated TNFR1Ϫ/Ϫ CSCs also demonstrated increased cardiomyocyte gene expression, but with significantly greater expression of Mef2c and ␤-MHC compared with WT CSCs, presumably representing divergent CSC responses to endogenously generated TNF ligand; none of these effects were significantly impacted by TNF. In contrast, differentiated TNFR2Ϫ/Ϫ CSCs (with unopposed TNFR1 signaling) exhibited Mef2c downregulation, and further suppression of both Mef2c and ␤-MHC expression with exogenous TNF exposure. There were no differences in Nkx2.5 expression in WT, TNFR1Ϫ/Ϫ, and TNFR2Ϫ/Ϫ CSCs, with or without exogenous TNF. These data suggest that TNF restrains cardiomyogenic gene program in CSCs primarily through TNFR1 signaling. Importantly, although differentiated CSCs expressed cardiomyogenic mRNA transcripts, GATA4 and Mef2c protein expression (via immunoblot analysis) was inconsistent and variable (data not shown). Differentiated CSCs also did not exhibit characteristic adult cardiomyocyte morphology or function. Hence, under these in vitro differentiation conditions, CSCs increased cardiomyogenic commitment (as assessed by gene expression and immunostaining), but remained at an immature and nonfunctional stage.
Smooth muscle and endothelial cell differentiation. CSCs are reportedly capable of differentiating into endothelial cells, smooth muscle cells (SMCs), and cardiomyocytes (5, 13) . Therefore, we also measured SMC (␣-smooth muscle actin, SMA) and endothelial cell (Flk1/VEGFR2) genes (44) . As shown in Fig. 5B , compared with undifferentiated CSCs, differentiated WT, TNFR1Ϫ/Ϫ, and TNFR2Ϫ/Ϫ CSCs all had augmented SMA expression, consistent with SMC differentiation; however, exogenous TNF further increased SMA expression only in WT and TNFR2Ϫ/Ϫ CSCs, but not in TNFR1Ϫ/Ϫ CSCs. Differentiated CSCs also exhibited upregulation of Flk-1 gene expression, without significant change in response to exogenous TNF. Importantly, however, Flk-1 expression was markedly reduced in TNFR1Ϫ/Ϫ CSCs compared with either WT or TNFR2Ϫ/Ϫ CSCs, suggesting divergent responses to endogenously generated TNF ligand during CSC differentiation. These data indicate that TNFR1 signaling in CSCs, rather than supporting cardiomyogenic fate, instead promotes SMC and endothelial cell commitment.
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An alternate neuroadrenergic-like fate of CSCs. As described above, exogenous TNF exposure during CSC differentiation variably induced morphological changes resembling neuronal cells, with dendritic type cellular projections. Therefore, we evaluated whether TNF induced neuroadrenergic-type features in CSCs. As seen in Fig. 6A , mRNA expression of tyrosine hydroxylase (TH), which catalyzes the rate-limiting step of catecholamine biosynthesis in adrenergic neurons (11) , increased in all three CSC groups (and significantly so in TNFR2Ϫ/Ϫ CSCs) during differentiation. Notably, concomitant exogenous TNF treatment dramatically increased TH expression (ϳ25-fold over undifferentiated cells) in WT CSCs. This upregulation of TH in response to TNF was prevented in TNFR1Ϫ/Ϫ CSCs and suppressed in TNFR2Ϫ/Ϫ CSCs. In contrast, neuronal marker genes-nestin, ␤-III tubulin, and growth-associated protein 43 (GAP43)-were all significantly downregulated in CSCs during differentiation, with blunting of ␤-III tubulin and nestin downregulation (but not GAP43) upon TNF treatment. Blunting of ␤-III tubulin and nestin downregulation during CSC differentiation was also observed in both TNFR1Ϫ/Ϫ and TNFR2Ϫ/Ϫ CSCs, with relative upregulation of GAP43, suggesting responses to endogenously generated TNF ligand that promote neuronal gene expression via both TNF receptors. Exogenous TNF treatment induced variable responses in TNFRϪ/Ϫ CSCs: TNF further blunted nestin downregulation in TNFR1Ϫ/Ϫ CSCs, further suppressed ␤-III tubulin expression in TNFR2Ϫ/Ϫ CSCs, and did not significantly change GAP43 upregulation. This variability of response may be a reflection of heterogeneity of CSCs in culture with regard to stages of cell cycle and differentiation. To complement the gene expression studies, we next indexed CSC biosynthetic capacity via quantitation of secreted epinephrine in culture supernatants. As seen in Fig. 6B , WT CSCs secreted significantly greater amounts of epinephrine upon exogenous TNF exposure during differentiation. TNF-induced augmentation of epinephrine was absent in TNFR1Ϫ/Ϫ CSCs. In TNFR2Ϫ/Ϫ CSCs, epinephrine levels tended to increase in response to TNF, but did not reach statistical significance. Figure 6C demonstrates TH immunostaining in WT CSCs differentiated without (left) and with (right) concomitant TNF. CSCs without TNF treatment revealed a localized perinuclear TH distribution; however, in TNF-treated CSCs, the TH staining pattern was diffuse and clearly distributed in the dendritic-type projections (arrow). This diffuse staining pattern was not seen in differentiated TNFR1Ϫ/Ϫ and TNFR2Ϫ/Ϫ CSCs exposed to exogenous TNF (data not shown). Taken together, the data suggest that TNF, via signaling from both TNFRs, can modulate CSC differentiation toward an immature neuroadrenergic-like fate capable of producing catecholamines. Hence, resident CSCs may potentially serve as a heretofore-unrecognized source of local cardiac adrenergic activation in diseases with chronic TNF elevation, such as HF.
DISCUSSION
In this study, we established that adult murine CSCs possess a functional TNF signaling axis that impacts several aspects of CSC competence and differentiation ( Fig. 7) . Specifically: 1) TNF signaling in CSCs is predominantly related to TNFR1 under homeostatic conditions, with TNFR2 inducible after stress; 2) TNFR1 signaling modestly diminishes CSC proliferative capacity, but augments resistance to oxidant stress (along with TNFR2, to a lesser extent); 3) TNF, primarily via TNFR1, inhibits the cardiomyogenic gene program during CSC differentiation, and instead promotes smooth muscle and endothelial cell fates; and 4) TNF, via both TNFR1 and TNFR2, can channel an alternate neuroadrenergic-like fate for CSCs during differentiation. Deficiency of either TNFR1 or TNFR2 did not impact CSC telomerase activity and the propensity to senescence. These findings carry important pathophysiological and translational implications for both stem celldependent endogenous cardiac repair and cell therapy in conditions such as myocardial infarction and chronic HF.
TNF mediates its effects through two transmembrane receptors (TNFR1 and TNFR2) that display ligand selectivity: soluble TNF (sTNF) more effectively binds TNFR1, whereas membrane-bound TNF (mTNF) is the primary ligand for TNFR2 (1, 18) . While TNFR1 is ubiquitously expressed on all nucleated cells including cardiomyocytes, TNFR2 expression is found primarily on endothelial and immune cells (1) . Cardiomyocytes do not constitutively express TNFR2 to a significant degree; however, TNFR2 is induced in response to stress and TNF stimulation (2, 19) . Here, we also demonstrated that resident CSCs primarily express TNFR1 at baseline, but that TNFR2 is inducible with mechanical stress and TNF exposure. Hence, under homeostatic conditions, TNF signaling in CSCs Fig. 7 . Model of the effects of TNF on CSC cell-fate commitment. CSCs are thought capable of endothelial cell (EC), smooth muscle cell (SMC), and cardiomyocyte differentiation. Under normal baseline conditions (left), CSCs primarily express TNFR1 whereas TNF levels are low and primarily comprise the soluble form (sTNF). The resulting low level of sTNF-TNFR1 interaction results in very modest effects on CSC commitment, inhibiting cardiomyocyte differentiation while promoting EC and SMC fate. In contrast, during inflammatory and stress states (right), CSCs express both TNFR1 and TNFR2, and there are much higher levels of both sTNF and membrane bound TNF (mTNF) on the surface of mTNF-expressing cells. This yields much higher degrees of both sTNF-TNFR1 and mTNF-TNFR2 (and -TNFR1) interaction resulting in much more pronounced inhibition of cardiomyocyte fate, enhancement of EC and SMC fate, and channeling of an alternative CSC neuroadrenergic fate. would be expected to occur primarily via TNFR1 and sTNF. On the other hand, under pathological conditions of augmented cardiac mechanical load, inflammatory activation, and tissue oxidant stress, such as occurs after MI and during pathological left ventricular (LV) remodeling in HF, TNF signaling may involve both TNFR1 and TNFR2 via both sTNF and mTNF, which may be expressed on infiltrating immune cells. This supports the paradigm of modulation of CSC function by direct interaction between CSCs, TNF, and inflammatory cells in cardiac pathology. Moreover, the two TNFRs directly influence CSC biology: TNFR1 modestly suppresses CSC proliferation, while both TNFR1 and TNFR2 signaling confer resistance to oxidant stress. The latter suggests that the TNFRs activate key prosurvival downstream effector(s) in response to oxidant stress-induced autocrine/paracrine TNF secretion and subsequent receptor ligation. Taken together, these findings implicate levels of inflammatory activation in general, and of TNF in particular, in the heart as critical determinants of resident CSC function.
One paradox regarding the reduced capacity of the heart for endogenous repair is that adverse remodeling occurs despite expansion of c-kit ϩ CSCs after myocardial infarction (16) and a sustained increase in c-kit ϩ progenitor abundance in the chronically failing heart (26) . These observations suggest that factors in the cardiac microenvironment are inhibiting cardiomyocyte differentiation of these progenitor cells, thereby limiting the efficacy of endogenous cardiac repair. Our results indicate that TNF, primarily via TNFR1, inhibits the cardiomyogenic gene program during in vitro CSC differentiation and instead channels cells toward smooth muscle and endothelial cell fates. Given that heightened inflammation and TNF elaboration characterize both acute MI and chronic HF (19, 20, 29, 34) , these findings implicate TNF, TNFR1, and tissue inflammation as potential factors that limit proper and/or efficient endogenous myocardial repair.
Indeed, we (19) and others (25, 32, 36) have established divergent roles for the TNFRs in modulating pathological LV remodeling, with particularly detrimental effects of TNFR1 signaling (and beneficial effects of TNFR2 signaling) in sustaining inflammation and apoptosis in the remodeling heart. The current study extends these results, implicating TNF elaboration and TNFR1-dependent suppression of resident CSC cardiomyocyte differentiation as additional factors exacerbating pathological remodeling, and further suggests that TNFR1specific inhibition may offer a therapeutic strategy for the augmentation of endogenous cardiac repair. Moreover, clinical trials of exogenous stem cell therapy have necessarily administered progenitor cells into harsh proinflammatory and prooxidant tissue microenvironments after myocardial infarction or in chronic HF (31, 37) , in which levels of proinflammatory cytokines such as sTNF and infiltration of mTNF-expressing immune cells are excessive. Therefore, our results also raise the consideration that circumscribed inhibition of TNF and/or TNFR1 following stem cell delivery and engraftment may improve the cardiomyogenic potential of these precursors, and thereby lead to more effective long-term cardiac repair and regeneration.
A key and novel finding of our study is the observation that TNF, via both TNFR1 and TNFR2, can promote an alternative neuroadrenergic-like fate in CSCs. This was evidenced by TNF-dependent induction of neuronal-type morphology in CSCs during cell differentiation, with concomitant upregulation of the neuroadrenergic marker TH and epinephrine secretion; all of these effects required the presence of both TNFR1 and TNFR2 on CSCs. An important limitation of our work is that these studies were performed exclusively in vitro, and as such, may not adequately represent the complex cell-level events occurring in vivo during cardiac pathology. Nonetheless, it is of interest that prior work has demonstrated that TNF modulates growth and differentiation of neural progenitor cells (8) , and promotes a neural fate in human bone marrow mesenchymal stem cells after prolonged exposure (12) .
While requiring further verification and validation in vivo, these new findings in CSCs raise the intriguing possibility of a heretofore-unrecognized source of adrenergic activation in HF. It is well established that heightened activation of the sympathetic nervous system (SNS) promotes LV remodeling in HF (9, 30) . Human failing hearts have interstitial concentrations of norepinephrine that exceed levels cytotoxic to cardiac myocytes in culture (9) , and exhibit significantly augmented spillover and release of both norepinephrine and epinephrine (14) , observations that have been ascribed to increased sympathetic nerve outflow to the heart. Our results suggest that CSCs, pathologically activated by TNF in HF, may potentially serve as a nonneuronal, local myocardial source of catecholamines. We have previously demonstrated that in vivo beta-adrenergic stimulation can induce TNF expression in the failing heart (17, 33, 35) . The current study suggests that the reverse relationship may also hold true, and that TNF can induce adrenergic activity via an unappreciated CSC plasticity toward a neuroadrenergic-like fate during conditions of inflammation. In this regard, circumscribed TNF blockade after stem cell therapy may also enhance responses to CSC transplantation by reducing subsequent CSC neuroadrenergic-like differentiation in the heart.
In summary, we have shown that adult murine CSCs possess a functional TNF signaling axis related primarily to TNFR1 at baseline, but to both TNFR1 and TNFR2 under conditions of stress, and that TNF impacts multiple aspects of CSC competence and differentiation. Most notably, TNF inhibits, primarily via TNFR1, the development of a cardiomyogenic gene program during CSC differentiation, and instead upregulates smooth muscle and endothelial cell gene expression. Additionally, via both TNFR1 and TNFR2, TNF promotes a neuroadrenergic-like differentiation fate for CSCs. These findings suggest that a proinflammatory milieu with elevated TNF levels in the heart restrains cardiomyocyte differentiation of resident CSCs and may actually enhance adrenergic activation, both effects that would reduce the effectiveness of endogenous cardiac repair and the response to exogenous stem cell therapy, while promoting adverse cardiac remodeling. These findings require validation in vivo, but suggest that TNF and/or TNFR1 blockade may be useful as a useful therapeutic adjunct for improving responses to CSC cell therapy.
